Computed tomography (CT) with monochromatic x-ray beams was used to image phantoms and a live rabbit using the preclinical Multiple Energy Computed Tomography (MECT) system at the National Synchrotron Light Source. MECT has a horizontal fan beam with a subject apparatus rotating about a vertical axis. Images were obtained at 43 keV for singleenergy studies, and at energies immediately below and above the 33.17 keV iodine K-edge for dual-energy subtraction CT. Two CdW0,-photodiode array detectors were used. The highresolution detector (0.5 mm pitch, uncollimated) provided 14 line padcm in-plane spatial resolution, with lower image noise than conventional CT. Images with the low-resolution detector (1.844-mm pitch, collimated to 0.922 mm detector elements) had a sensitivity for iodine of = 60 pg/cc in 1 1-mm channels inside a 135 mm-diameter acrylic cylindrical phantom for a slice height of 2.5 mm and a surface dose of = 4 cGy.
I. INTRODUCTION
Substantial advances have been made in techniques of computed tomography since its invention in the 1960s and 70s. They include improvements in the source, detector, gantry, data acquisition system and system control, image processing, corrections and display, and in the development of clinical applications. Milestones include the development of highresolution CT, including dynamic focal spot, as well as dualslice scanning [l] , Helical (or Spiral) [2] , and the Ultrafast [3]
CT. Nevertheless, the problem of the large beamenergy width is unresolved because these systems employ bremsstrahlung radiation which inherently has a broad energy spectrum. Development of high-intensity synchrotron x-ray beamlines in the last decade paved the way to the evolution of the first monochromatic CT systems [4-81 which should answer the basic question on the image quality improvements one should expect from the use of monochromatic beams.
This paper characterizes such a system, multiple energy computed tomography (MECT) , which is under development Research supported by the Office of Health and Environmental Research of U.S. Department of Energy.
at the X17B superconducting wiggler beam line of the National Synchrotron Light Source, Brookhaven National Laboratory (BNL) [5-71, and presents single-and dual-energy results from the preclinical MECT. The rationale for the development of MECT has been to establish the performance of monochromatic CT, and to apply the system to clinical research in neuroradiology , atherosclerosis imaging, and CT angiography.
ADVANTAGES OF MONOCHROMATIC CT

1.
Beam-hardening artifacts [9] are eliminated in monochromatic CT, so improving the contrast resolution and the quantification accuracy of the images. The improvements depend on tissue non-uniformities in the subject.
2. Monochromatic CT at optimized beam energy for a patient's size minimizes the absorbed dose to the patient by eliminating the lower end of the polychromatic energy spectrum. It also improves image contrast by eliminating the higher end of the polychromatic energy spectrum which is associated with low image contrast.
3.
In contrast imaging, a substantial gain (i.e. = 2 fold or more) is achieved when the monochromatic beam energy is tuned just above the K-edge of the contrast element [lo] (for iodine, Kedge of 33.17 keV, the K-edge rise in the attenuation is = 5.6 fold). Furthermore, the contrast agent is better quantified by subtracting the below-edge image from the above-edge image. Because the beam energy in this method is lower than the mean beam energy in contrast imaging with conventional CT, its possible clinical use may encourage development of heavier CT contrast elements (e.g., Gadolinium, K-edge = 50.23 keV). Clinical research with MECT is expected to include DPA imaging for quantification of carotid artery atherosclerotic plaque evolution, i.e., delineation of fatty, fibrous, and necrotic (non-calcified and calcified) tissues, and KES of iodine or gadolinium for CT angiography.
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MECT SYSTEM DESIGN
A. Monochromator
The monochromator is a tunable, two-crystal hue-Laue device, producing a monochromatic beam parallel to the incident white beam, with a vertical offset of 15 mm independent of beam energy [13] . It uses flat Si <111> crystals mounted on independent joystick (gimbal) mechanisms, and has a 24.5 -51.2 keV energy range.
B. Detectors
Two different modular CdW0,-photodiode linear array detectors were used, both employing PIN @-type intrinsic ntype) diodes. The first (referred to as the high-resolution) was used for imaging the rabbit and the ring phantom presented below; however, it later exhibited excessive differential nonlinearity. The second one was on loan from Analogic Corp. [14] . Their specifications are as follows: 
C. Data acquisition system
The front-end data acquisition system (DAS) with a signal dynamic range of 106:l was developed by Analogic Corp. [14] . It is connected to an Alpha Computer (Digital Corp.) through a custom-designed interface board fabricated at BNL via a direct-memory access (DMA) board that sits on Alpha's turbochannel bus. From the computer's memory, the data flow to a high-speed disk, using a pair of buffer memories at each step to allow uninterrupted data collection. The interface allows a sustained data flow rate of 1.4 Mbytels, its duration limited only by the 1 Gbyte disk.
D. Image reconstruction Program
The image reconstruction program, developed by the MECT group [15] , uses the filtered backprojection method; filtration is carried out in the Fourier space and the backprojection is executed in the configuration space. The program does not have a fixed center point for the backprojection process, e.g. detector center; the center point is a free parameter adjusted by the user.
IV. EXPERIMENTS AND RESULTS
A. Method of data collection
Images were acquired with the following parameters:
viewing rate of 1440 Hz, rotation speed of 24" s-', and slice thickness of 2.0 mm for the high-resolution images and 2.5 mm for the others. Fig. 1 shows the vertical profile of the monochromatic beam. T h e monochromator was detund to 10-20 % peak intensity, keelping the dose-rate to a constant value for single beam energy. Two separate 360O-image data were collected with a 112 element-spacing lateral translation of the subject's rotation axis between them. These two images were interlaced during the reconstruction [6, 161. Reference data, i.e. with no subject in the beam ("air" data) used to calculate the absolute transmission were collected before and after each slice; this minimized variations in the beam profile's shape due to instabilities in the imonochromator. Nevertheless, their uncorrected effect, which amounted to = 0.2% for the typical 60 s time elapse between two consecutive air measurements, is the main lirnit to the image quality of the system. Detector dark-current was measured once every few hours. Temporal variations (I(. e. random oscillations) in the beam's intensity were accounted for by using the two unattenuated extremes of the fan beam (called "air channels"). Linear variations of the beam profile's shape were corrected by linear interpolation between these two beam ends [16] . 
B. Results
Rabbit neck:
An anesthetized rabbit was imaged at 43 keV at the level of the brain stem (Fig. 2) , using the highresolution detector. The image, with an average diameter of = 13 cm, clearly delineates muscle and subcutaneous fat. It was reconstructed with a Hanning filter with a cutoff at 60% of the Nyquist frequency. The skin absorbed dose was 4 cGy. A similar slice was imaged with a conventional C?' at 80 kVp and 200 mAs (Fig. 31) ; the dose was 0.7 Gy which, for the 3-mm slice (vs. 2 mm for MECT) is equivalent to 1.0 cGy. The two dark bands along the continuation of the jaw line in the polychromatic iimage may be beam-hardening effects. 
Ring phantom:
The phantom was an acrylic cylinder of 98 mm diameter, with concentric 4 mm-deep air grooves in its upper surface. The grooves had equal wall and valley thicknesses that decreased with increasing radius, and reached 0.3 mm at the cylinder's edge (Fig. 4) . The phantom was imaged with the high-resolution detector at 43 keV and at = 4 cGy surface dose. The reconstruction used a ramp filter with the Nyquist cutoff frequency.
The clover-leaf background pattern is an artifact of digital photography. The last groove is visible.
Iodine phantom:
This phantom, imaged with the lowresolution detector, was a 135-mm diameter acrylic cylinder containing thirty 1 1 -mm diameter paraxial cylindrical channels. The pattern of the channels (Fig. 5) 
dose.
arrays of 6 channels each, positioned along 36O-apart diameters of the cylinder's base (Fig. 5) . In each set, five channels were filled with iodine solutions of 240, 120,60, 30, and 15 I pg/cc, and one with distilled water. The phantom was imaged with MECT (at 43 keV and 2.3 mm slice, Fig. 6 ) and with conventional CT (at 80 kVp and 3 mm slice, not shown). The dose was 3.4 cGy with MECT, and 800 mAs (2.8 cGy, equivalent to 3.7 cGy for the same slice heights) with conventional CT. The images were reconstructed with similar filters and filter cut-off frequencies of 0.5 Nyquist frequency. The plot of the CT numbers in the second circle of channels in the MECT and the conventional CT images are shown in Fig. 7 top and 
V . SUMMARY AND CONCLUSIONS
Despite the technical limitations of the present MECT system, including the beam profile instability, and the large detector pitch that required detector collimation, MECT images show advantage over those of the conventional CT. A bent Laue-Laue monochromator [ 181 using Si < 33 1 > crystals is being developed to alleviate the problem of beam-profile instability. Development of a new detector with 0.8-mm element pitch is also underway.
The clinical MECT system will be completed with development of both the monochromator sections, a patient chair, the new detector, and the patient's safety system. Although the applicability of MECT to clinical research in atherosclerotic plaque imaging is quite certain, its potential in earlier detection of neurological disorders can be studied only with patients. In particular, DPA imaging of the arterial wall will be used to delineate the atherosclerotic plaque composition into fatty, fibrous, and necrotic (non-calcified and calcified) tissues. P I Fig. 9 . MECT image of a phantom with a low-contrast insert. 
